Experiments and computer simulations on the generation of high order harmonics from steep plasma gradients using intense femtosecond laser pulses are presented. Qualitative changes in the harmonic emission take place when the intensities are increased above 10 19 W=cm 2 and/or the plasma scale length is varied. Good agreement between experimental and calculated spectra makes it possible to clearly distinguish between nonrelativistic and relativistic mechanisms of harmonic generation. The basic idea of producing high order harmonics by irradiating a solid surface with a powerful laser pulse has been known for more than two decades [1, 2] . Recent theoretical work has suggested that with extremely intense pulses [3] the conversion efficiency to very high orders could be substantially increased and that high order harmonic generation (HOHG) from surfaces could offer significant advantages over HOHG in gases. These include new ways of generating single intense attosecond pulses [4 -7] and the possibility of reaching extremely high intensities [8] . The crucial point in all these ideas is to carry laser-solid interaction into the highly relativistic regime using femtosecond pulses.
The basic idea of producing high order harmonics by irradiating a solid surface with a powerful laser pulse has been known for more than two decades [1, 2] . Recent theoretical work has suggested that with extremely intense pulses [3] the conversion efficiency to very high orders could be substantially increased and that high order harmonic generation (HOHG) from surfaces could offer significant advantages over HOHG in gases. These include new ways of generating single intense attosecond pulses [4 -7] and the possibility of reaching extremely high intensities [8] . The crucial point in all these ideas is to carry laser-solid interaction into the highly relativistic regime using femtosecond pulses.
The key parameter in high intensity laser-matter interaction is the dimensionless amplitude of the laser field a 0 eE=m! 0 c. E is the electric field, m and e are the electron mass and charge, respectively, ! 0 is the laser frequency, and c is the speed of light. For the relativistic electron dynamics, a 0 * 1, the interaction of the electrons with the electromagnetic field changes significantly. The dipole approximation [9] breaks down, because the amplitude of electron oscillations is not small compared with the laser wavelength. Even a harmonically oscillating electron can emit harmonics [9] .
The generation of femtosecond laser pulses with peak intensities well within the relativistic regime has already been possible for a long time. However, conditions for relativistic interaction with a solid density plasma are rather difficult to achieve experimentally. Typically, prepulses and/or a slowly rising leading front of the laser pulse lead to a premature ionization of the target, and significant expansion of the plasma sheet occurs before the arrival of the pulse maximum. This difficulty has either prevented relativistic interaction in most previous experiments [10 -13] or caused the HOHG to take place in the low density plasma tail [14] .
A great deal of the essential physics of the complicated, collective electron dynamics in laser-solid interaction can be captured by the moving (or oscillating) mirror model [15] [16] [17] [18] [19] [20] . When light is reflected from a mirror oscillating with an amplitude comparable to the light wavelength, the sinusoidal carrier wave can be strongly deformed into a wave form with very rich harmonic content. Particle-incell (PIC) simulations have not only confirmed the basic features of this simple picture but also added deeper insight into HOHG [15] [16] [17] [18] [19] [20] . However, the calculations have often been carried out at much lower than solid density and mostly for steplike density profiles, making direct comparisons with experiments difficult.
In this Letter we present clear evidence of HOHG in which the relativistic generation mechanism dominates [21] . Experimentally, the key point is the use of femtosecond laser pulses with very low prepulse level and high intensity contrast. PIC simulations were performed for electron densities and density profiles closely representing the actual experimental situation. The simulations illustrate the changes in the harmonic generation mechanism connected with the transition to the relativistic regime.
The experimental setup for studying HOHG is shown in Fig. 1 . We used a Ti:sapphire laser producing pulses of 45 fs duration at 800 nm. The ratio of the peak intensity to the intensity at 1 ps from the pulse maximum was measured to be 10 7 . The laser pulses were frequency-
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An adaptive mirror compensated residual wave front distortions of both beams and ensured diffraction limited focusing. As shown in Fig. 1 a blue beam and an infrared beam were focused onto the target by the same off-axis parabolic mirror. The effective focal length of the mirror was about 100 mm for the infrared and 75 mm for the blue beam. The maximum energy of the pulse at the wavelength of 400 nm was 25 mJ. The diameter of the focal spot was 1:2 m (full width at half maximum) with 50% of the energy contained in that diameter. The peak intensity on the target was calculated to be 2 10 19 W=cm 2 , where the angle of incidence (48 degrees) is taken into account. The residual radiation at 800 nm has been blocked in this beam by a set of 7 dielectric mirrors.
Using the infrared beam a plasma could be generated prior to the arrival of the intense blue pulse. By changing the delay time between the two pulses, the plasma scale length could be continuously controlled. The infrared intensity was adjusted to approximately 10 16 W=cm 2 . The targets were optically polished glass or polystyrene substrates, which were raster scanned to provide a fresh surface for each laser pulse.
The spectrum of the light reflected from the target was analyzed with the help of a toroidal grating which imaged the reflected light from the target onto a CCD (charge coupled device) camera. The grating and the CCD chip were protected from the high power reflected blue light by a system of apertures and a 170 nm thick aluminum film. The difference between the grating efficiency for p and s polarization did not exceed 20% (measured with the 400 nm beam). Figure 2 shows the harmonic spectra recorded with pulses at 0 400 nm (without infrared), at I ' Two important qualitative changes take place when the intensity is increased to the relativistic level corresponding to a 0 ' 1:3 [ Fig. 2(c) and 2(d) ]. First, the spectrum is no longer cutoff at ! p and extends significantly beyond the plasma frequency of the material (harmonic efficiency is depicted in Fig. 5 ). Second, harmonics were also produced with s-polarized pulses [ Fig. 2(d) ] [22] . The efficiency of the 6th and 7th harmonic in Fig. 2(d) was measured to be about 10 ÿ8 . The stretching of the harmonic spectrum beyond ! p predicted in [16 -19] for high intensity is a clear indication of the relativistic interaction (see also [14] ). The harmonic generation by s-polarized light means that the relativistic term of the Lorenz force 1=cv B comes into play.
The harmonic divergence was measured to be within 10 both for a 0 ' 0:3 and a 0 ' 1:3. This is somewhat smaller than the divergence of the pump beam (15 ). In the following we discuss the results of PIC simulations and review the question of a transition to the relativistic regime of HOHG. Two different mechanisms of HOHG are distinguished, one relating to resonant properties of the plasma and another one basically of relativistic nature. We have deliberately chosen a moderate value a 0 0:3 in the calculations, because in this case the distinction between the two mechanisms is particularly evident.
Our simulations assumed a plasma corresponding to a fully ionized polystyrene target with an electron density n e0 49n c for x > 0 and an exponential decrease towards vacuum, n e n e0 expx=L for x < 0. Here n c is the critical plasma density. We used a 1D fully relativistic PIC code developed by Lichters et al. [16] . The plasma was modeled as a 6 thick slab within a 10 long simulation box, 3000 cells=, and 300 particles per cell corresponding to n e0 . The p-polarized light pulse was assumed to have a sin 2 -shape with a total width of 20 optical cycles.
In Fig. 3 
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The upper and middle panels show the spatial distribution of the electron density oscillations and the Fourier spectra of the transverse electron current, respectively. The lower panel depicts the corresponding harmonic spectra.
The general feature in the upper panel is the modulation of the electron density with a period corresponding to one optical cycle T. In the case L 0 the modulation of the plasma surface is quite weak because the restoring forces in the high density plasma are exceedingly strong. Under these conditions harmonic generation is rather faint.
An increase in the scale length provides regions of softer plasma with weaker restoring forces, and as a result the surface excursions increase. For L= 0:02 [ Fig. 3(b) ] we have s 0 =L 1, where s 0 is the oscillation amplitude. The electrons are pushed back and forth in the gradient of charge density, and this motion is strongly anharmonic. On the other hand, for L= 0:2 [ Fig. 3(c)] we have s 0 =L 1, and the oscillations appear to be nearly harmonic.
The For the steplike boundary the harmonic sources are centered in the plane x 0 [ Fig. 3(a) ]. However, in Fig. 3(b) for L= 0:02 the sources of the various harmonic frequencies are located at different positions within the plasma layer. In both cases the generation of harmonics is mainly due to the nonlinearity of the plasma oscillations. The latter (analog to [2] ) can be resonantly excited only up to a maximum frequency given by ! p near n e0 , causing a high frequency cutoff in the harmonic spectra [lower panel Fig. 3(b) ].
The situation is quite different for longer L, e.g., L= 0:2 [ Fig. 3(c) ]. The laser field cannot propagate into the overcritical region, and the sources of harmonics are now centered around the critical density. From Fig. 3(c) (top) the density modulation appears to be nearly harmonic. However, the salient point is the rather large oscillation amplitude of approximately 6% of the laser wavelength (note the change in the horizontal scale). The mechanism of harmonic generation is now different. The relativistic retardation effects associated with the large amplitude of the electronic motion are important, and not the anharmonicity. This is further supported by the fact that a very similar harmonic spectrum is achieved in the case of a pure harmonically oscillating mirror with s 0 = 0:06 as is shown in Fig. 3(c) (bottom) . The relativistic mechanism dominates in this situation, notwithstanding the relatively low value a 0 0:3.
Further evidence of the transition from the resonant to the relativistic mechanism can be seen in Fig. 4(a) , where the calculated dependence of the fourth and fifth harmonics on L is presented. For L= < 0:05 the efficiency grows with L. The resonant mechanism is suppressed around L= 0:1, because the light can no longer penetrate far enough into the plasma. As a result, the harmonic efficiency drops and reaches a minimum. With a further increase of L, the relativistic mechanism comes into play and dominates for L= < 0:2, being only weakly dependent on the scale length.
The role of the scale length was studied experimentally using the two-pulse scheme. The scale length of the plasma produced by the infrared pulse was varied by changing the delay time of the 400 nm pulse. In Fig. 4 data points for harmonic generation with 2 10 19 W=cm 2 of 400 nm light are compared with earlier experimental results [12] obtained with much lower intensity. It can be seen that for low intensity the harmonic generation decreases very rapidly with scale length. On the contrary, for high intensity the dependence on scale length is much weaker, and harmonic generation was observed up to L= 0:5. The drop of the harmonic energy at L= > 0:4 is accompanied by an increase of the harmonic divergence. Thus, the high intensity data show indeed the relatively weak dependence expected for the relativistic mechanism, whereas the drop in the harmonic generation at low intensity is characteristic of the nonrelativistic resonant mechanism. Figure 5 illustrates the transition between the different mechanisms accomplished by changing the excitation intensity. The full circles in Fig. 5 represent the experimental data and indicate very good agreement between the experimental results and the PIC simulations. For a 0 0:3 the cutoff at ! p characteristic of the resonant mechanism is obtained. With a further increase in intensity (a 0 0:7) harmonics beyond ! p appear, indicating that the relativistic mechanism is turned on.
In conclusion, we have clearly demonstrated the transition of solid surface HOHG to the relativistic regime at a 0 1. This transition depends not only on the pump intensity, but also on the plasma scale length. Wellcollimated harmonics were observed both below and above the relativistic ''threshold''. In general the surface HOHG is determined by the interplay of two different mechanisms: a nonrelativistic (resonant) and relativistic one. Depending on the plasma scale length the spatial distribution of harmonic sources have to be taken into account. These results could also contribute to the realization of the great promise of highly relativistic HOHG that has been recognized in some recent work.
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